Introduction
Birds' nests are occupied by more than just birds: they are an important habitat for a diverse invertebrate fauna. The nest structure becomes a miniature ecosystem of specialised nest-dwelling arthropods, comprising both ectoparasitic and free-living species [1, 2] . However, although arthropods are a common component of a breeding bird's environment, ectoparasite abundance often exerts a strong influence on nestsite choice [3] . For example, the abundance of the haematophagous tropical fowl mite (Ornithonyssus bursa) influences nest-site choice in semicolonial barn swallows (Hirundo rustica) [4] while great tits (Parus major) avoid nest sites heavily infested with hen fleas (Ceratophyllus gallinae) [5] . Experimental studies on pied flycatchers (Ficedula hypoleuca) have shown preferential selection of nest sites where old nests have been removed to eradicate overwintering ectoparasites [6] .
Avoidance of nest sites with high ectoparasite loads appears to be a behavioural response to avoid, or at least reduce, the negative effect of parasitism on the survival and condition of offspring [7] . Blood loss to haematophagous ectoparasites can result in anaemia and weight loss (e.g., [8, 9] ) while ectoparasitism can also cause disease, either through ectoparasites acting as vectors [10, 11] , or via postparasitism microbial infection of puncture or scratch wounds [12] . As a result, chicks exposed to high ectoparasite loads while in the nest may suffer stunted growth, reduced weight, and decreased prefledging survival. This has been demonstrated in great tit nestlings parasitised by hen fleas [13, 14] and pied flycatcher chicks parasitised by haematophagous blowfly larvae (Protocalliphora spp.) [15] . When abundant, nest-dwelling ectoparasites can reduce chick condition to the extent that postfledging survival is affected, as found in marsh tits (Poecile palustris) [16] . However, although adaptive nest-site selection could be a useful strategy to reduce parasite loads 2 International Journal of Zoology and their negative effects, it is not always feasible. In some cases, there may be no other "better" nest sites available (at least within the distance that search costs associated with finding them are outweighed) while in other cases ectoparasites (e.g., blowflies) may only enter nests after chicks hatch, such that load cannot be anticipated during nest-site selection.
Nest ectoparasite load could be influenced by several factors. Abiotic factors include temperature and humidity of nests (which, in turn, are influenced by factors such as latitude, year, time in the breeding season, brood size, and bird body temperature), as well as the amount and type of nest material [17, 18] . Biotic factors include interactions between nest arthropod species, both positive (facilitation or mutualism) and negative (inhibition or competition) [2] . For example, poultry red mites (Dermanyssus gallinae) are depredated by cosmopolitan nest mites (Androlaelaps casalis), such that their abundance in starling (Sturnus vulgaris) nests partially depends on the abundance of this predator [19] . Characteristics of nest sites thus have the potential to affect ectoparasite abundance, either directly (through influence on abiotic conditions) or indirectly (through the changes that modified abiotic conditions might have on the nest-dwelling arthropod community). However, although it has been noted that some nestboxes consistently support more ectoparasites than others (M. Stenning personal communication), the relationships between nest-site characteristics and ectoparasite load has not been fully investigated. This is despite the fact that such relationships could be important causal factors in otherwise unexplained patterns of nest-site choice and breeding success.
Previous research in a British oak woodland over a 15-year period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , revealed that the frequency of nestbox occupation correlates with orientation in the great tits. Specifically, nestboxes facing south-southwest are used less frequently than boxes facing other directions [20] . Research at the same site in 2006 showed that nestboxes oriented south-southwest are also significantly warmer than boxes facing other directions and are associated with lower offspring condition [21] , suggesting that the birds are demonstrating adaptive nest-site choice. However, although the ultimate cause of nest avoidance would seem to be responsiveness by parents to factors influencing offspring condition, the proximate explanation-what actually causes reduced offspring condition in southwest-facing boxes-is still unclear. Insights into mechanisms behind observed behaviour are ecologically important, and could aid conservation efforts by maximizing the effective placement of nestboxes. We hypothesise that differences in nest-site selection and offspring condition are due to high parasite loads in boxes as a result of orientation-induced differences in nestbox microclimate. There is already some evidence that abundance of ectoparasites (hen fleas) may be influenced by orientation in Pied Flycatcher nestboxes [22] , although possible reasons for this have not been considered. In this study, we test the following hypotheses: (1) that nest ectoparasite load is directionally nonuniform (specifically, that it is higher in nestboxes facing south-southwest given the higher temperature of such boxes at this particular study site); (2) that high ectoparasite load has a detrimental impact on offspring condition in great tits, such that avoidance of parasite-related fitness costs is responsible for nonuniform nest-site selection.
Methods

Study
Area. This study was undertaken in 2006 at Nagshead Nature Reserve (Gloucestershire, UK): the same site where the relationship between nestbox orientation and occupation was quantified for great tits using data from 1990 to 2004 [20] and where the relationship between orientation and great tit offspring condition was researched, also in 2006 [21] . To avoid introduction of confounding factors, all nestboxes included in the study were made of 13 mm plywood and were the same size (rectangular with a sloping roof; internal measurements: 110 mm width, 170 mm depth, 210 mm midpoint height; hole size 28 mm). They were placed ∼3 m above the ground and had been thoroughly cleaned out after the preceding breeding season to remove old material. The use of nestboxes, and success of the occupants, was monitored throughout the breeding season by the Royal Society for the Protection of Birds (RSPB).
Study Design.
The orientation of all boxes used by great tits in 2006 (n = 49) was determined using a line-of-sight compass (Silva Voyager 8040) with a resolution of 1
• . Ten boxes facing south-southwest (180-269
• ) were occupied. Each of these boxes was paired with another nestbox occupied by great tits facing, as nearly as possible, the diametrically opposite direction. Pairing took account of two potentially confounding variables: (1) the number of young at day 15 after hatching (± one chick if absolutely necessary; applied to 3 pairs) and (2) time in the season (hatching date ± one day) When there was a choice of possible nestboxes with which to pair a south-southwest box after meeting these criteria, the nearest box was selected. A paired study design was chosen as being the most robust strategy given statutory restrictions on the number of nests that could be removed for parasite analysis (see below).
Avian Offspring Condition.
Biometrics of chicks (n = 93) from each nest (n = 20) were taken 15 days after hatching. This was as near to fledging as possible while mitigating the risk of disturbance-induced premature fledging. Wing length was measured to the nearest 1 mm with a stopped ruler using the flattened-straightened wing method [23] ; this is the best single correlate of condition in birds [24] . Weight was taken to 0.1 g using a spring balance (Pesola, Switzerland) with the bird restrained in a polythene cone. Calculation of relative mass-useful in studies of chicks-was undertaken by dividing wing length by weight. All biometrics were taken by the same trained recorder.
Nest Parasite Load.
The nest structure was removed from each nestbox within 24 hrs after fledging, before ectoparasites began leaving the nest [25] . Since removing nest material in the UK is only permitted between August and January (under the general licence WLF100068), nest removal was undertaken under a site-, species-, and year-specific licence from English Nature (number: 20060590). This allowed immediate postfledging removal of 20 great tit nests at the study site in 2006. Once removed, the nest was placed in an air-tight polythene bag. Feather dust and hen flea larvae remaining in the nestbox were collected by aspiration with a pot pooter (Alana Ecology, Shropshire, England), using suction provided by a battery-powered miniature vacuum cleaner (Halloa KBC-1, Halloa Enterprise, Taiwan).
Once in the laboratory, nests were frozen to −28 • C for at least 72 hrs to kill and preserve ectoparasites [26] . Nest material was then sieved to remove feather dust [17] , which was searched using a paint brush [27] . The remaining nest material was thoroughly searched under a Nikon SMZ800 dissection microscope using tweezers to pull apart the nest structure [11] . Arthropods were extracted using entomological forceps and preserved in 70% (v/v) ethanol with 3% (w/v) glacial acetic acid (to prevent specimen shrinkage) and 3% (v/v) glycerol (to prevent specimen hardening) [25] . Arthropods were identified under the dissection microscope using standard keys.
Statistical Analyses.
To quantify any differences in total ectoparasite abundance (and abundance of specific ectoparasite species and life stages) according to nestbox orientation category, independent t-tests were used. Although a paired sampling design was used to ensure confounding variables did not cause bias, parasite load was not compared using paired t-tests as different boxes were involved.
To correlate ectoparasite load and offspring quality was more complex. In most biometric studies, each individual can be considered independent of others in the sample. Here, however, chicks from one nestbox were clearly not independent of one another, and it was not appropriate to enter the measurements from all individuals directly into an analysis without accounting for this replication. Two analytical approaches were used, each accounting for replication in a different way. In the first approach, mean withinbrood offspring quality was calculated for each measure of condition (wing length or relative mass) to give two estimates of offspring quality per brood. This controlled for replication since only one value was entered per nest. Separate multiple linear regression analyses (MLRs) were then undertaken for wing length and relative mass, with, in both cases, the abundance of each ectoparasite species being entered as separate predictor variable. Full models were created using the abundance of all ectoparasite species, and reduced models were attempted using a stepwise procedure with Akaike's information criterion (AIC) as a method of model reduction (following [28] ) to achieve parsimony and maximise understanding of bird-parasite interactions. Initially, the load of each ectoparasite species was quantified on a per-chick basis (i.e., the total nest abundance divided by the brood size). This is often considered more rigorous than using nest abundance [29] , but assumes that all chicks are equally parasitised. Empirical testing of this (e.g., [30] ) has suggested it can be erroneous (the "tasty chick" hypothesis [30] ), so here two full and two reduced MLRs were undertaken for wing length and relative mass, respectively, the first using per-chick ectoparasite burden and second using per-nest ectoparasite abundance (following [31] ). The second analytical approach utilised type I general linear mixed modelling (GLMM), whereby the condition of all chicks was entered as the dependent variable with a random factor of nestbox controlling within-brood pseudoreplication. Two GLMM models were created; one for each condition proxy. In both cases, the nestbox load of each ectoparasite species was added as a separate fixed factors with abundance categorised using an ordinal scale based on the four quartiles (so boxes with a very high level of parasites (75-100% quartile) = 4, a medium high level (50-74% quartile) = 3, a medium low level (25-49% quartile) = 2 and a very low quartile (0-24% quartile) = 1). Simultaneous use of the MLR approach, which maximised retention of the parasite data, and the GLMM approach, which maximised retention of offspring data, ensured robust data analysis using methods that are complementary to one another (following [21] ).
In all MLR and GLMM analyses, abundance of larval hen fleas was included in addition to the abundance of adult hen fleas (as per [17] ) as a separate variable. This was done because although larvae do not parasitise directly, and do not represent a future burden to the young [31] , there is the possibility that they stimulate the haematophagous behaviour of adults. This could occur because larvae feed off the undigested blood excreted by adults, such that increased haematophagous behaviour of adults could increase the larval food source. In this case, abundance could indirectly influence parasite burden. Potential noninsect ectoparasites (Acari) were not entered in these analyses as their prevalence was very low (see Section 3) and identification was only possible to order level, such that the ecology of the individuals (parasitic or scavenging), and thus their impact, was unclear.
Results
Ectoparasite Abundance.
Several ectoparasitic species were extracted from great tit nests. These included, in order of prevalence, adult and larval hen fleas (Ceratophyllus gallinae; Siphonaptera: Ceratophyllidae) in 95% of nests, biting lice (Mallophaga: Ischnocera) in 55% of nests, haematophagous blowfly (Protocalliphora spp.; Diptera: Calliphoridae) larvae and pupae in 45% of nests, together with ticks and haematophagous mites (Acari) in 15% and 5% of nests, respectively. The time in the breeding season was an important influence on nest ectoparasite community: blowfly larvae were present in 90% of late nests (i.e., those started after the median date of nest commencement), but absent from early nests (i.e., those started before the median date of nest commencement). This has been seen before [8] and reinforced the importance of controlling for time in the breeding season during nestbox pairing.
The number of individual ectoparasites in the nests was high: up to 1,275 individuals were found in one nest (including nonparasitic life stages). There was, however, considerable variability in nest parasitic load, both overall and for individual species (Figure 1 ). The number of adult hen fleas per nest ranged from 5 to 119 (mean = 35.7 ± 7.5 SEM) while the number of lice varied from 0 to 25 (mean = 5.2 ± 3.2 SEM). The number of blowfly larvae was generally low (0-4 individuals per nest), but there were some extreme outliers of up to 135 individuals per nest.
Surprisingly, there was no relationship between the number of chicks (range 3 to 8) and either total ectoparasite abundance (r = 0.145, N = 20, P = 0.542) or the abundance of any individual species (P > 0.05 in all cases; tests not shown). No relationships were found between the abundance of different ectoparasitic species in the nests (i.e., the abundance of one species did not appear to influence the abundance of other species; P > 0.05 in all cases; tests not shown). The only significant relationship was between different life stages of the same species: the number of adult hen fleas positively correlated, and intuitively, with the number of larvae (r = 0.756, N = 19, P < 0.001).
Ectoparasite Abundance and Orientation.
Despite nestbox internal temperature correlating with orientation (circular-linear correlation r = 0.928, n = 11200, P < 0.001; [32] ), with nestboxes facing southwest being warmer than boxes facing northeast (Figure 2 (taken from [32] )), there was no difference in the overall abundance of ectoparasites between boxes facing south-southwest and north-northeast (430 ± 112 SEM individuals per nest versus 528 ± 164 SEM resp.; t = 0.502, d.f. = 18, P = 0.622). Similarly, there was no difference in abundance of the two main haematophagous ectoparasites (adult hen fleas and larval blowflies) between boxes facing south-southwest and those facing north-northeast (32.80 ± 7.21 SEM individuals per nest versus 42.90 ± 14.40 SEM (t = 0.659, d.f. = 18, P = 0.518); 3.20 ± 1.75 SEM individuals per nest versus 15.67 ± 13.56 SEM (t = 0.962, d.f. = 18, P = 0.349), resp.). Any (albeit nonsignificant) differences in the abundance of these ectoparasites in relation to orientation were biased towards higher numbers in boxes facing north-northeast, rather than south-southwest as hypothesised (Figure 1) . The apparently higher abundance of lice (Ischnocera) in boxes facing southsouthwest compared with those facing north-northeast (3.90 ± 1.77 SEM versus 1.32 ± 0.42 SEM) was nonsignificant (t = 1.631, d.f. = 18, P = 0.120).
Ectoparasite Abundance and Avian Offspring Condition.
None of the four full MLRs undertaken (regressing the dependent variables wing length and relative mass against the ectoparasite load per chick and per nest) was significant or explained much variance (P > 0.275 and adjusted R 2 < 0.081 in all cases; Table 1 ). Reduced models could not be created since none of the candidate variables (individual ectoparasite species) resulted in an AIC change of >2 in the model parameters upon entry due to their lack of explanatory power [28] . Similarly, none of the variables entered in the GLMM analyses (adult hen fleas, larval hen fleas, blowflies, or biting lice) was significant; overall models were also insignificant ( Table 2 ). The overall power of these models was sufficient to detect reasonably small effects of parasitism on offspring condition (80% power to detect significance at α 0.05 with an effect size of 0.346 (equivalent to an adjusted r 2 value of 0.118)). This is considerably lower than effects sizes found in previous bird-parasite studies (e.g., [8, 13, 33] ), and suggests that nonsignificance is not due to comparatively small sample sizes leading to a Type II error. Thus there is no evidence that ectoparasites are related to great tit offspring condition in this population.
Discussion
Ectoparasite Diversity. The prevalence of ectoparasites at
Nagshead is similar to that found in other studies, for example, the 95% prevalence of hen fleas found here is comparable to the 93% prevalence in a meta-analysis of 2,668 (nonspecies-specific) avian nests [34] . The lack of any significant relationship between overall ectoparasite load and brood size agrees with a study on parasites in house sparrows (Passer domesticus) nests in America [33] and a study on hen fleas in great tit nests in Switzerland [17] .
Ectoparasite Abundance and Orientation.
Despite significantly higher temperatures in southwest-facing boxes, there was no difference in ectoparasite abundance relative to orientation. Thus it appears unlikely that boxes with increased internal temperatures are simultaneously less-preferred and associated with lower offspring condition (a situation that is contrary to the findings of other studies in temperate latitudes [35] ), because of temperature-related differences in ectoparasite load. The lack of any relationship between ectoparasite abundance and orientation suggests that the nonuniform nestbox selection with relation to orientation is not a behavioural response to avoid nest sites with high ectoparasite loads. This is contrary to research by George [22] , who found the abundance of hen fleas to be higher in pied flycatcher boxes oriented south-southwest compared with north-northeast. However, George's conclusions, on a different avian species, were based on a comparison of very few nestboxes (eight boxes facing south-southwest with two facing north-northeast in 1956) and made without the application of inferential statistics. It should be noted that the between-season removal of nesting material from nestboxes at many sites, including the study site, means that nestbox ectoparasite load is usually lower than in natural cavities [36, 37] . Data on the magnitude of this difference are lacking for great tits; however, Pinkowski's [38] study of eastern bluebird (Sialia sialis) nests suggests that parasite-infested natural cavities may have, on average, twice as many ectoparasites as parasitised nestboxes, while the abundance of hen fleas was an order of magnitude lower in natural cavities than nestboxes in the case of marsh tits (Poecile palustris) [39] . Thus, it remains possible that there are orientation-related differences in ectoparasite load in natural cavities that have not been replicated in nestboxes. In this case, the avoidance of nestboxes facing south-southwest could be an evolutionary hangover [7] : effectively a "ghost of parasitism past." Crucially, however, this would not explain the reduced nestling condition observed in nestboxes facing south-southwest [21] , only the parental avoidance of those boxes. Unless parasite load correlates with both orientation and offspring condition (see below), it is unlikely to be the proximate cause of directional nest-site choice.
Ectoparasite Abundance and Avian Offspring Condition.
By definition, parasites should reduce the fitness of their host [40] . The lack of correlation between avian offspring condition and ectoparasite load found here is not, however, unprecedented. Indeed, the absence of a (measurable) effect of parasitism agrees with studies in the USA on nestboxbreeding eastern bluebirds [41] , work on chestnut-backed and mountain chickadees (Poecile rufescens and P. gambeli) parasitised by Protocalliphora [42] , and research on tree swallows (Tachycineta bicolor) parasitised by hen fleas [27] . There are several possible, nonmutually exclusive, explanations for the lack of any relationship between nest ectoparasite load and avian offspring condition.
(1) Comparatively Low Ectoparasite Load. The lack of a measurable reduction in offspring condition might be explained by the number of ectoparasites [43] . However, although ectoparasite abundance here is low in comparison with natural nest sites, it is still higher than in other studies where a relationship between ectoparasite abundance and chick condition has been found (e.g., for house sparrows: [33] ).
(2) Compensatory Responses. It is possible that physiological or behavioural compensatory responses are used to reduce the intensity of parasitism or buffer its impact [7, 17] . Examples of such responses include preening [44] and alteration of posture as found in several Hawaiian birds [45] .
(3) Condition-Dependent Effects. Parasitism might only cause measurable detriment to condition when nestlings are under stress, for example, during food shortages [30, 38] or in poor weather conditions [46] .
(4) Parental
Cost. An adaptive increase in parental provisioning rates can reduce the impacts of parasitism in great tits parasitized by hen fleas [47] . Parents may also reduce the impact of ectoparasites by increasing nest sanitation [48] or through increased use of insecticidal herbs (not reported in the great tit, but seen in the closely related blue tit [49] ). Such responses do, however, have an energetic cost and form an important part of the tradeoff between current and future reproduction [50] . Measuring change in parental body condition before and after nesting in relation to ectoparasite load would be an interesting area for further study. International Journal of Zoology (5) Masked Fitness Cost. Finally, it remains possible that parasite-related fitness costs were masked by other factors affecting offspring condition such as heritable parental condition [51] , breeding-related parameters such as hatching asynchrony [52] , and the condition of the nest territory [53] .
Implications of Findings and Future Research Directions.
The results outlined here suggest that nonuniform patterns in great tit nest-site selection and offspring condition in relation to orientation cannot be explained by a relationship between ectoparasite load and the direction a nestbox faces (despite orientation influencing nestbox temperatures). It should be noted, however, that these findings are based on correlational, rather than experimental, evidence and that the sample sizes were necessarily fairly small (93 nestlings from 20 broods) given the small number of nests created in nestboxes facing south-southwest (the least preferred direction) and statutory restrictions on fieldwork. Given this, it is not possible to conclude definitely on any cause-consequence patterns and it does remain possible that this small sample size could have led to type II error (although the sample sizes are similar to those used in several previous studies where significant effects have been found (e.g, [33, 41] ) and power analysis suggested that the models had sufficient power to detect relatively small effects; data not shown). Further investigation of the potential for relationships between nest cavity orientation, ectoparasite load and offspring fitness, ideally using larger sample sizes and/or a more experimental approach, would be useful in furthering understanding, especially if these were conducted in different climatic areas where the relationship between cavity orientation and temperature, and the effect of temperature on parasite loads, might be different. It would also be beneficial to investigate other possibilities, such as an association between microbial load and orientation as a result of direction-related differences in temperatures, which might account for directional differences in nest-site selection and breeding success.
